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Abstract Since the 1990s, hybrid imaging by means of
software and hardware image fusion alike allows the
intrinsic combination of functional and anatomical image
information. This review summarises the state-of-the-art of
dual-modality imaging with a focus on clinical applications.
We highlight selected areas for potential improvement of
combined imaging technologies and new applications. In
the second part, we briefly review the background of
dual-modality PET/CT imaging, discuss its main applica-
tions and attempt to predict technological and methodolog-
ical improvements of combined PET/CT imaging. After a
decade of clinical evaluation, PET/CT will continue to have
a significant impact on patient management, mainly in the
area of oncological diseases. By adopting more innovative
acquisition schemes and data processing PET/CT will
become a fast and dose-efficient imaging method and an
integral part of state-of-the-art clinical patient management.
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Background and reasoning
The proposal to combine PET with CT was made in the
early 1990s by Townsend, Nutt and co-workers. In addition
to intrinsic image alignment, the anticipated benefit of a
PET/CT hardware combination was to use the CT images
to derive the PET attenuation correction factors [1]. The
first prototype PET/CT became operational in 1998 [2],
designed and built by CTI PET Systems in Knoxville,
Tenn., USA (now Siemens Healthcare) and clinically
evaluated at the University of Pittsburgh. The design
incorporated a single-slice spiral CT (Somatom AR.SP;
Siemens Medical Solutions, Forchheim, Germany) and a
rotating ECAT ART PET system (CTI PET Systems,
Knoxville, Tennessee). Torso imaging using the prototype
PET/CT took 1 h, or more. Over 300 cancer patients
were imaged on the prototype. The results from the proto-
type demonstrated the importance of high resolution
anatomy accurately co-registered to functional data [3–5].
This helped localise functional abnormalities and clarified
equivocal situations, thus improving the accuracy and
confidence of the data interpretation. The use of rapidly
acquired, low-noise CT data in place of a lengthy conven-
tional PET transmission acquisition reduced the overall
duration of the examination [6].
Unknown to the developement team of the above
prototype PET/CT, which served as a key impulse for the
subsequent commercialisation of PET/CT development,
“The future belongs to those who prepare for it today” (Malcolm X).
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another team at Gunma University in Japan had proposed a
combination of a full-ring PET and CT as early as 1984.
Their design was based on the two tomographs placed next
to each other with a patient handling system traversing
between the two units. However, this original work was not
widely known, and was not further developed towards a
commercial product.
The first commercial PET/CT to be announced was the
Discovery LS (GE Healthcare) in early 2001. This was
followed a few months after by the Biograph (Siemens
Medical Solutions), and then somewhat later by the Gemini
(Philips Medical Systems). Over the years, PET/CT designs
from all vendors have evolved following the advances in
CT and PET instrumentation (Fig. 1). Today, six vendors
worldwide offer over 20 different PET/CT designs. All
PET/CT systems permit multi-bed, whole-body imaging
within a single examination, using the CT for attenuation
and scatter correction of the PET data, as a prerequisite to
quantitative metabolic imaging [7].
PET/CT imaging has rapidly emerged as an important
imaging tool in oncology [8]. The success of PET/CT
imaging is based on several factors. First, patients benefit
from a comprehensive diagnostic anatomical and functional
whole-body survey in a single session. Second, PET/CT
provides more accurate diagnostic information than PET or
CT alone. Third, PET/CT imaging allows radiation oncol-
ogists to use the functional information provided by PET
for radiation treatment planning.
Fig. 1 a Selected PET/CT
designs offered by GE Health-
care, Philips Healthcare
Systems, Siemens Healthcare
Solutions, Toshiba, Hitachi and
Mediso. b Selected system
design parameters for the
PET/CT systems in a
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Main applications
There is, at least for oncology, a growing body of literature
that supports the accuracy of staging and restaging with
PET/CT compared with either CT or PET acquired
separately [8–10]. These improvements are incremental
compared with PET, which alone demonstrates high levels
of sensitivity and specificity for a wide range of disease
states. Improved accuracy in primary diagnosis, staging and
restaging has been documented for a variety of cancers,
including head and neck, thyroid, lung, breast, oesophageal,
colorectal, lymphoma, sarcoma, gastrointestinal stroma
tumour (GIST), carcinoma of unknown primary, and
melanoma [8, 11–13]. In summary, therefore, the improve-
ment in accuracy of PET/CT compared with PET or CT
alone for staging and restaging is statistically significant
and averages 10–15% over all cancers [8].
An application on which PET/CT is also having an
impact is that of radiotherapy treatment planning [14]. In
anticipation of application to radiotherapy treatment plan-
ning, the patient port on early PET/CT designs was
increased to 70 cm in diameter. From the beginning, PET/
CT provided more convenient and routine access to fused
CT and PET images and early assessment of the con-
sequences of using PET/CT in planning [15] was encour-
aging. As suggested, the convenience of having fused CT
and PET images for every patient immediately following
the PET/CT could not be matched by even the most
sophisticated software. Increasingly, PET/CT systems are
being acquired by radiation oncology departments and PET
images are contributing directly to the definition of
treatment volumes on CT-based plans [16, 17]. This will
continue to be an area of growth, particularly in meeting the
demands of intensity-modulated radiation therapy (IMRT)
and the availability of radiation therapy devices able to
treat tumours with surgical precision using sophisticated
robotic techniques. Access to other PET biomarker map-
ping processes, such as hypoxia [18], that increase the
radio-resistance of tumours could potentially expand the
role of PET in radiation oncology. First PET/CT systems
dedicated to PET-guided radiation therapy planning are on
the market and, with a patient port diameter of 78–85 cm,
facilitate the imaging of patients in the treatment position
[19, 20].
As with radiation therapy planning, PET was already
finding a role in assessing therapy response before the
introduction of PET/CT. A detailed discussion of the use of
PET/CT for monitoring therapy response may be found
elsewhere [21]. The combination of CT and PET for
monitoring response offers a number of unique possibilities
in spite of the technical difficulties associated with CT-
based attenuation correction. First, the anatomical and
functional volume of the tumour can be estimated, the
former from CT measurements and the latter by summing
all voxels with standardized uptake value (SUV) [22] above
a threshold that defines malignancy. Therapy response can
be assessed from changes in both these metrics or from
a change in the total lesion glycolysis that is calculated as
the product of the average SUV in the tumour and the
volume [23].
Combined PET/CT gains importance for individualised
treatment planning before radionuclide therapy, which is
increasingly used as a treatment technique for a range
of cancers, e.g. with radiolabelled peptides [24]. To
date, few treatments involve the use of dosimetry, either
to plan treatment or to ascertain the delivered dose
during treatment. Further, the correlation between the
absorbed dose and the biological effect has been difficult
to establish. PET is the most accurate imaging method
for the determination of activity concentrations in vivo.
PET imaging can be considered for pre-therapeutic
treatment planning but ideally requires the use of a
radioisotope from the same element as that used for
treatment (e.g. 124I for 131I; 86Y for 90Y). For example,
124I-PET/CT dosimetry has emerged as a valuable tool
for confirming or revising staging and for planning therapy
in differentiated thyroid cancer [25–29]. Some groups
proposed to routinely perform this procedure before the first
radioiodine therapy (RIT) with 131I for thyroid remnant
ablation in differentiated thyroid cancer (DTC) patients at
high risk of persistent disease, i.e., patients with tumour
invasion of the perithyroidal soft tissue, histologically proven
lymphatic involvement, distant metastases, unfavourable
histotypes, or age ≤18 years [30].
The rationale is to detect patients with previously occult
loco-regional or distant metastases who may benefit from
RIT with an individually tailored escalated activity. These
patients receive such RIT when lesion uptake in the
dosimetry procedure permits reasonably high confidence
that the RITwill yield tumour doses exceeding 100 Gy, while
staying within established limits for avoiding bone marrow
toxicity. Patients without sufficient tumour uptake in the
dosimetry procedure still receive RIT with a standard activity
for remnant ablation according to national guidelines. In
patients given RIT for metastatic involvement, 124I-PET/CT
dosimetry is repeated before subsequent courses of RIT.
This concept can serve as a matrix for other radionuclide
therapies [31].
Since the development in CT has been driven primarily
by cardiology demands for faster acquisitions, the top-of-
the-line PET/CT now incorporates 128-slice CT and is in
principle ideally suited to cardiac PET/CT. The ability to
image both structure and function could, for example,
enhance the characterisation of atherosclerotic plaques by
imaging the inflammatory process associated with the
plaque. The combination of CT angiography together with
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a measurement of myocardial perfusion using a PET
tracer such as 82Rb-rubidium or 13N-ammonia could, in a
single examination, assess both the integrity of the cardiac
arteries and the metabolic consequences for the myocar-
dium [32].
Cardiac PET/CT applications are still in their infancy
and have recently encountered a number of difficulties.
Obviously, the effects of cardiac and respiratory motion
are critical for these studies. The problems of mismatch
associated with CT-based attenuation correction are
potentially more serious for cardiac studies than they
are for oncology, in that all cardiac studies will be
affected rather than just those whole-body studies with
lesions in certain sensitive regions such as the lung. This
mis-registration results in what appears to be perfusion
deficits in segments of the heart associated with the
misalignment.
A number of different strategies are being developed to
address this issue, including (1) manual realignment of CT
and PET, (2) acquiring a cine CT of the breathing motion
and generating an average CT for attenuation correction
and (3) acquiring multiple CT data sets to ensure at least
one matches the PET image as closely as possible.
Obviously, the role of PET/CT in cardiology has yet to be
determined, but if a strong clinical demand exists it is to be
expected that transient technical challenges such as the
misalignment issue will ultimately be resolved.
Improvements and new applications
The main objective of PET is to detect metabolic
abnormalities, synonymous with disease (or responses to
functional tests) and to quantify these changes in metabolic
uptake patterns with respect to normal background activi-
ties. Therefore, the diagnostic accuracy of PET is not only
dependent on spatial resolution but, more so, on the
sensitivity of the detection system. PET sensitivity
describes the ability of the PET system to utilise a fraction
of the injected activity for signal detection. The higher the
sensitivity, the more signal is detected for a given activity
injected, thereby providing increased detectability of
lesions.
PET is intrinsically a three-dimensional (3D) imaging
methodology, replacing physical collimation required for
single-photon imaging with the electronic collimation of
coincidence detection. The availability of PET systems with
retractable inter-plane septa encouraged the use of 3D
methodology, at least for the brain, where the net increase of
a factor of 5 in sensitivity could be realised [33]. The situation
for whole-body imaging is far less favourable, in part due to
the presence of significant activity just outside the imaging
field of view (FOV) in most bed positions. With the
appearance of LSO (lutetium oxyorthosilicate)- and GSO
(gadolinium silicate)-based PET, which could be operated
with short coincidence time windows (4.5–6 ns) and higher
lower-energy thresholds (400–450 keV) compared with
10–12 ns and 350 keV for a typical BGO-based PET,
significantly improved whole-body image quality has been
achieved in 3D [34].
The sensitivity of a PET system can also be improved by
the addition of more detector material. Planar sensitivity
can be increased by extending the thickness of the scin-
tillator (Fig. 2). In this example, a 50% increase in
thickness from 20 mm to 30 mm results in a 40% increase
in sensitivity. However, increasing the axial extent by 33%
will result in a 78% increase in volume sensitivity (for 3D
acquisition with no septa). The latter thus makes more
efficient use of the increased volume of the scintillation
detector material, although there will also be an increase in
the number of phototubes required (and hence increased
cost). Following an injection of a radioactive tracer such
as 2-deoxy-2-(18F)fluoro-D-glucose (FDG), the patient
receives a radiation dose from all annihilation photons,
not just those emitted within the imaging FOV of the
PET system. Therefore, the greater the axial coverage, the
better use is made of the radiation emitted and the more
efficient use is made of a given volume of scintillator. For
most PET/CT, axial PET coverage is about 16 cm. The most
recent design announced has an extended FOV covering
21.8 cm axially.
Despite the increase in volume sensitivity from increased
axial coverage (Fig. 2), 3D PET suffers from a sharp
decrease in sensitivity at both ends of the axial FOV. This
drop in sensitivity mandates slightly overlapping bed
positions when imaging larger imaging fields, such as the
torso or the whole-body. Sensitivity in the overlapping
regions is slightly lower than the sensitivity in the centre of
the axial FOV. Dahlbom and co-workers suggested as early
as 1992 a continuous axial sampling mode by moving the
patient bed in steps equal to half the plane separation [35].
As a result, better image uniformity and sensitivity was
achieved, together with a reduction in noise compared with
standard multi-bed acquisition modes. Further refinements
of the continuous acquisition mode for PET were suggested
by the same authors [36]. However, the improvements in
clinical image quality were less obvious than in simulation
studies. Nonetheless, continuous bed motion based on
modern hardware and highly accurate bed positioning and
position tracing should yield a significant improvement in
whole-body PET image quality. Continuous PET acquisi-
tion would then be complementary to continuous, spiral CT
acquisitions as performed in PET/CT. Finally, continuous
bed motion supports the free definition of co-axial imaging
ranges that otherwise would be limited by an integer
number of PET bed positions, and, thus, lead to an
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overexposure of the patients in the lower part of the co-
axial imaging range.
In order to increase lesion detectability in PET, spatial
resolution must be improved as well. This is achieved by
making crystal detectors smaller [19]. However, infinites-
imally small PET detectors are not feasible as the volume
sensitivity would be much reduced. Therefore, improved
spatial resolution must be optimised with respect to volume
sensitivity. Most PET/CT systems today offer 4-mm
crystals that are 20-mm deep (Fig. 3). By making PET
detectors smaller spatial resolution is improved and, for
example, smaller-sized, active lymph nodes can be better
detected, the main parameter for lesion detection in PET being
the activity concentration (or lesion-to-background contrast)
notwithstanding. This is of the essence, considering that a
significant number of normal-sized lymph nodes in oncology
patients harbour disease, as is known from the sentinel lymph
node experience in breast cancer [37] or from patients with
lung cancer [38].
While most PET and PET/CT systems offer isotropic
resolution, this is true only for the central FOV. Spatial
resolution deteriorates in the transverse direction towards
the edge of the FOV, i.e. the detector ring, because of
increased depth-of-interaction effects. This is illustrated in
Fig. 4. Spatial resolution can be recovered particularly in
these regions by measuring a point source at given
locations of the FOV and by incorporating a spatially
variant point spread function (PSF) model into the iterative
reconstruction process [39]. The resulting image quality is
much improved and spatial resolution is made more
uniform throughout the FOV.
Co-registered CT images may also be used to improve
partial volume correction by dividing the standardised
uptake value (SUV) from the PET image with a recovery
coefficient based on the spherical tumour diameter. As
tumours generally have a complex shape, a more sophisti-
cated partial volume correction method is desirable [40].
Thus, for both technical and practical reasons, PET/CT is
continuing to successfully promote the use of PET for
monitoring response to different forms of therapy.
The availability of fast scintillators with high stopping
power such as LSO (and LYSO) has revived interest in PET
time-of-flight (TOF) [41, 42], interest that has been further
stimulated by the first commercial PET/CT with TOF—the
Philips Gemini TrueFlight [43, 44]. The principle of TOF
PET is illustrated schematically in Fig. 5: photons travel at
the speed of light, c, and, therefore, one of the annihilation
photons will arrive at the detector with a time-delay of 2Δ/c,
where Δ is the distance of the positron–electron annihilation
from the axis of the tomograph. This information is
incorporated into the reconstruction process. Theoretical
arguments lead to a possible increase in the signal-to-noise
ratio (SNR) proportional to sqrt(D/Δd), where D is the
patient diameter and Δd the uncertainty of the location of the
annihilation. Thus, the advantage of TOF is more significant
in heavier patients, where image quality in general is worse
Fig. 2 a Improving the sensitivity of a PET system by increasing the axial length of the tomograph from 16 cm to 22 cm. b, c Increased volume
sensitivity can be used to reduce overall imaging time by acquiring fewer bed positions. (With source information from Siemens Healthcare)
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compared with smaller-sized patients because of higher
attenuation and scatter contributions.
The PET systems with fast scintillators and electronics
can measure this time difference within a certain resolution.
For example, for a PET system with a coincidence timing
resolution of 500 ps, the spatial uncertainty on the position
of the annihilation is 7.5 cm. For a 40-cm diameter uniform
distribution and a 7.5-cm uncertainty, the increase in SNR
is a factor of about 2.3. As the TOF resolution improves,
the spatial uncertainty decreases and the SNR increases by
a larger factor. TOF PET systems must demonstrate good
timing resolution that is stable over time so as to avoid
frequent detector recalibration [45]. While promising,
the clinical impact of TOF PET has yet to be established
[46, 47].
There has been significant progress during the past few
years in image reconstruction methods through the intro-
duction of statistically based algorithms into the clinical
setting. Iterative reconstruction methods became of clinical
interest in nuclear medicine imaging with the accelerated
convergence achieved by the ordered subset expectation
maximisation (OSEM) algorithm [48]. Lately iterative
Fig. 4 a Spatial resolution of PET deteriorates towards the edge of
the FOV because of the increased depth-of-interaction effects (b).
Resolution recovery (RC) is possible by measuring a standard point
source throughout the FOV and deconvolving the image signal with
the spatially variant point spread function. c As a result, images are
less noisy and spatial resolution is made more uniform, yielding an
overall improved image quality. (With source information from
Siemens Healthcare)
Fig. 3 a, b Spatial resolution of PET is improved by making PET detectors smaller. Smaller detectors (b) and increased recovery (a) help recover
small lesions, such as active lymph nodes that are normal size on CT (c)
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Fig. 5 Schematic illustration of the differences between conventional
PET (top) and TOF-PET (bottom). In conventional PET, there is equal
probability (illustrated by the blue bars) for the recorded event along
the LOR (a). In TOF-PET, the time difference between the arrival of
the two annihilation photons, is used to create a probability
distribution locating the recorded event at distance Δ from the axis
of the tomography (dashed line). A timing resolution of 600 ps, for
example, results in a FWHM of about 9 cm. The probability
distribution and knowledge about the timing resolution of the detector
system can be incorporated into the reconstruction process, illustrated
here for a single projection (b). c Reconstructed PET emission images
illustrate the improved SNR in TOF-PET for a patient with BMI 24
Fig. 6 Performance of CT systems expressed as number of detector rows and measured as imaging time (s) and collimation (mm) for a typical
local imaging station of 30 cm. Commercial PET/CT systems today employ CT technology with up to 128 simultaneously acquired slices
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image reconstruction has been proposed for clinical CT
imaging as well, particularly as a method of keeping
radiation exposure at low levels for an overall reduced
patient exposure [49].
Further improvement can be achieved by eliminating the
rebinning step and implementing OSEM fully in 3D with
corrections for randoms, scatter, attenuation and detector
efficiency variations incorporated into the system model
[50]. Finally, in a recent development termed high-
definition (HD) PET, the detector spatial response function
has also been included in the reconstruction model [39].
The point spread function varies throughout the FOVowing
to the oblique penetration of the detectors by annihilation
photons. By measuring this variability and then modelling
the PSF, improved and near-uniform spatial resolution can
be achieved throughout the FOV (Fig. 4).
All vendors provide comparable software capable of
producing clinical images of high quality [7]. The greatest
outstanding effect on image quality and a challenge to
reconstruction algorithms is now the size of the patient, a
significant problem given the current levels of obesity in
industrialised countries.
After many years of slow but steady progress, the past
decade has seen significant advances in both hardware and
software for CT. Following the appearance of single-slice
spiral CT scanners in the early 1990s [51], CT performance
evolved with the advent of multi-detector arrays (MDCT),
accompanied by increases in X-ray power (60 kWor greater)
Fig. 7 a Sources of PET/CT image artefacts in clinical routine imaging. bMetal artefacts, for example, are known to cause locally biased activity
distributions on PET following CT-AC that are amplified by patient motion
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and computer capacity for data processing and image
reconstruction. Dual- and four-slice CT first appeared around
1998 with timing resolution of 500 ms (at 1 s rotation time),
followed by 16-slice CT in 2002, 64-slice in 2004, dual-
source systems in 2005, 128-slice in 2006 and 256-slice in
2006. The increasing number of detector rows (slices) and
the availability of dual-source CT in combination with faster
rotation times support a time resolution of 75 ms, or better
(Fig. 6). Spatial resolution has improved from about 10 line
pairs (Lp) cm–1 in 1990 to 25 Lp cm–1, or better today, and
with a slice thickness of less than 1 mm. However, not all
kinds of CT systems are available in PET/CT or SPECT/CT
combinations.
While the benefits of CT-based attenuation are now well
documented, a number of challenges have emerged as the
technique has become more widely adopted for PET/CT
(Fig. 7). There are two main reasons for possible artefacts:
(1) the presence of materials in the patient with effective
atomic numbers (Zeff) that do not conform to the basic
assumptions in the bi-linear transformation model [1, 52]
and (2) mismatch between the CT and PET due to patient
respiration, cardiac motion and bowel movement [53].
Since the first commercial PET/CT installation in 2001,
these issues have received considerable attention. In most
cases associated artefacts can be limited or avoided by
adopting disease-specific and optimised imaging protocols
[54, 55]. A thorough appreciation of clinical imaging and
workflow together with some prospective training is
required to implement these protocols.
However, some image artefacts must be accepted as
inherent to PET/CT (and SPECT/CT) imaging. Of partic-
ular importance in the assessment of head and neck cancer
is the presence of dental fillings [56] (Fig. 7b). A number of
metal artefact reduction techniques have been explored in
research [57, 58] but still await routine implementation in
PET/CT.
Nonetheless, after a decade of clinical evaluation PET/
CT continues to have a significant impact on patient
management, mainly in the area of oncological diseases.
Image artefacts inherent to PET/CT can be detected,
interpreted and—in many cases—corrected or avoided by
well-trained users. By adopting more innovative acquisition
schemes and data processing PET/CT will become a fast
and dose-efficient imaging method and manifest itself as an
integral part of state-of-the-art patient management.
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